Attempts to reconstruct the phylogenetic history of the Anopheles gambiae cryptic species complex have yielded strongly conflicting results. In particular, An. gambiae, the primary African malaria vector, is variously placed as a sister taxon to either Anopheles arabiensis or Anopheles merus. The recent divergence times for members of this complex complicate phylogenetic analysis, making it difficult to unambiguously implicate interspecific gene flow, versus retained ancestral polymorphism, as the source of conflict. Using sequences at four unlinked loci, which were determined from multiple specimens within each of five species in the complex, we found contrasting patterns of sequence divergence between the X chromosome and the autosomes. The isolation model of speciation assumes a lack of gene flow between species since their separation. This model could not be rejected for An. gambiae and An. arabiensis, although the data fit the model poorly. On the other hand, evidence from gene trees supports genetic introgression of chromosome 2 inversions between An. gambiae and An. arabiensis, and also points to more broad scale genetic exchange of autosomal sequences between this species pair. That such exchange has been relatively recent is suggested not only by the lack of fixed differences at three autosomal loci but also by the sharing of full haplotypes at two of the three loci, which is in contrast to several fixed differences and considerably deeper divergence on the X. The proposed acquisition by An. gambiae of sequences from the more arid-adapted An. arabiensis may have contributed to the spread and ecological dominance of this malaria vector.
T
he role of introgressive hybridization in evolution remains contentious, especially among zoologists. As defined by the dominant biological species concept, species are groups of actually or potentially interbreeding natural populations that are reproductively isolated from other such groups (1) . Under a strict interpretation of this model, gene flow between ''good'' species, to the extent that it occurs at all, is inconsequential to species evolution, because hybrids are presumed less fit. Yet recent studies of Drosophila and Anopheles species (e.g., refs. [2] [3] [4] [5] , suggest that introgression is not necessarily rare or inconsequential; indeed, it may be advantageous (2) . This alternative viewpoint is not new. In a comprehensive treatment of the systematics of mosquito fauna of the South Pacific, published just one year before Mayr's Animal Species and Evolution (1), Belkin (ref. 6 , p. 60) hypothesized that hybridization was an important mechanism in the speciation, the formation of new types, and the evolution of mosquitoes. Evidence for the importance of introgressive hybridization in mosquito evolution comes from a group of sibling species, the Anopheles gambiae complex.
This complex, considered a single polytypic species before 1956 (7) , is now known to consist of at least seven partially intersterile cryptic species found in Africa south of the Sahara (8, 9) . Three halophilic species are minor malaria vectors because of limited density and distribution: Anopheles melas and Anopheles merus, from western and eastern coastal mangroves, respectively (the latter species extending inland in South Africa), and Anopheles bwambae, from mineral springs in the Semliki Forest of Uganda. Anopheles quadriannulatus species A and B, freshwater species patchily distributed in the south and east, respectively, pose no threat to public health, owing to zoophily. These five are mutually allopatric, except where An. quadriannulatus A contacts An. merus in South Africa, but their ranges overlap those of An. gambiae and Anopheles arabiensis. The latter two species, both widespread and extensively sympatric, are major malaria vectors. These two species also were the subject of recent controversy, because conflicting evidence supported either An. arabiensis or An. merus because the true sister taxon to An. gambiae (2, 10, 11) .
At the center of the conflict, the X chromosome is the source of fixed chromosome inversion and sequence differences by which these isomorphic taxa are recognized. Inversion Xag, a paracentric inversion on the X that is monophyletic in origin (10) , differentiates An. gambiae and An. merus from other species, and identifies them as sister taxa (8) . (An. arabiensis possesses an independent autapomorphic compound inversion on the X.) Also X-linked but outside of the inversion in pericentromeric heterochromatin, intergenic spacer sequences of ribosomal DNA distinguish each species but strongly support an alternative phylogenetic hypothesis in which An. arabiensis is allied with An. gambiae (2) . Resolution of the conflict requires invoking either lineage sorting or introgression of X chromosome sequences between An. gambiae, and either An. merus or An. arabiensis. In nature, important premating isolating mechanisms exist between sympatric populations of these species, as F1 hybrids are detected only rarely (0.02-0.76%; refs. 12 and 13). Nevertheless, postmating isolating mechanisms are incomplete, because F1 hybrid females are fertile and potentially broker interspecific gene exchange. The An. gambiae-An. arabiensis relationship inferred from other markers, especially the paraphyletic, intertwining mtDNA (2, 14) , has been interpreted as reflecting the flow of nuclear and mtDNA sequences across species boundaries, rather than the persistence of ancestral alleles.
There is no defined hybrid zone between An. gambiae and An. arabiensis; their ranges coincide even at a microgeographic scale. An alternative approach to studying the role of introgressive hybridization in the history of these species is to examine patterns of genetic variation at multiple loci within and between sibling species (e.g., refs. 5 and 15). Previously (14, 16), we found extensive mtDNA haplotype sharing across Africa between An. gambiae and An. arabiensis. Here, by using the same and additional population samples, as well as three additional sibling species (An. merus, An. melas, and An. quadriannulatus), we extend this approach to four loci representing each chromosome (2N ϭ 6). These loci include the white gene on the X, the tryptophan oxygenase (tox) gene on chromosome 2, and two genes on the left and right arms of chromosome 3: glucose-6-phosphate dehydrogenase (G6pd) and xanthine dehdrogenase (xdh), respectively. The white gene, located inside inversion Xag common to An. gambiae and An. merus, and the tox gene, located within inversion 2Rb common to An. gambiae and An. arabiensis, were previously studied in Mali, West Africa (17) . Not previously studied in the An. gambiae complex, the G6pd and xdh genes are located outside of any chromosomal inversions. We analyze these sets of sequences within population genetic and phylogenetic frameworks, and test whether the data are consistent with a model of reproductively isolated species sharing ancestral polymorphism, or whether introgression must be invoked.
Materials and Methods
Mosquito Sampling. Table 1 lists the geographic origins and designations for all specimens. Anophelines were identified as members of the An. gambiae complex by using morphological keys (18) , and species identification was performed with a ribosomal DNA-PCR assay (19) . With the exception of the Malian specimens, the karyotype with respect to inversion 2Rb could not be determined, as ovarian nurse cell polytene chromosomes were unavailable. The An. gambiae and An. arabiensis specimens from Kenya, Senegal, and South Africa are derived from samples previously analyzed for mtDNA sequence variation (14) ; specimens from Mali were characterized previously at white and tox (17) . Further sampling details can be obtained from the authors. DNA Methods. DNA was extracted from individual specimens according to protocol 48 (20) . Standard procedures were used for amplification and sequencing of white, tox, G6pd, and xdh (17, 21) ; detailed protocols and oligonucleotides used are available from the authors. Sequences from the guanylate cyclase (gua) and mtDNA ND5 genes were obtained from GenBank (accession nos. U42609-U42614 and U42619-U42621; ref. 10 ) and (AF020983-AF020987, AF020991-AF020993, AF020998 -AF020999, AF021004 -AF021008, and AF021019-AF021025; ref. 14) .
Because male anophelines are hemizygous for X-linked genes, white PCR products from males (available only from Kenya and Zimbabwe samples) were purified by using the Wizard PCR Preps kit (Promega), and were directly cycle sequenced. All other PCR products were cloned by using pGEM-T Easy Vector (Promega) before sequencing. Sequences are available under GenBank accession nos. AY117771-AY117894 (white), AY117895-AY117992 (tox), AY117993-AY118033 (G6pd), and AY118034-AY118063 (xdh).
Sequences were checked for accuracy on both strands by using the FRAGMENT ASSEMBLY programs of the Genetics Computer Group [(GCG), Madison, WI] software package, or by using SEQUENCE NAVIGATOR (PE Applied Biosystems, Foster City, CA), and multiple alignment was performed with the PILEUP program of the GCG. PCR Error. In this article, direct sequencing was not possible in most instances due to extensive insertion͞deletion polymorphism and, for the white locus, the lack of males from most samples. To adjust for the effect of PCR error on diversity indices and statistics relying on these indices, we used a statistical approach (by using a program written in SAS language by T.L., which is available from the authors). The original set of aligned sequences (minus those obtained by direct sequencing) was used to generate multiple erroradjusted datasets in which the level and pattern of genetic variability was corrected to the level expected without polymerase error. Adjustments to the original dataset were conditioned on the probability that a given base in a column of aligned sequences was misincorporated, assuming an overall error rate of 0.15% per base (estimated by sequencing five clones from each of three field specimens). The conditional probability of PCR error at each site was calculated based on (i) whether the position was invariant, singleton, or polymorphic; (ii) the frequency of the base at that position; and (iii) the expected number of invariant, singleton, and polymorphic sites in the original data. Further, the algorithm considered the markedly different probabilities of observing a particular misincorporated nucleotide given an inferred source nucleotide. The performance of the algorithm (to be described in detail elsewhere) was evaluated in two pairs of experimental datasets, where one set contained PCR errors and the matching set was empirically corrected (by direct sequencing or by sequencing multiple clones per specimen). The program was found to reduce Ͼ85% of the bias in the polymorphism statistics (F.S., M. Licht, and T.L., unpublished data). Here, we analyzed each of six replicate erroradjusted datasets per locus, and compared the results to those obtained from the original data. With the exception of tests of the isolation model of speciation (see below), all trends statistically supported in the original dataset were supported in the erroradjusted datasets.
Data Analysis. DNA polymorphism statistics, tests of neutrality, and measures of divergence were computed with DNASP 3.5 (22) . SITES 1.1, which can be accessed at: http:͞͞lifesci.rutgers.edu͞ϳheylab, was used to estimate the recombination parameter, ␥, and to generate data for input into HKA and WH, programs distributed by J. Hey (Rutgers University, Piscataway, NJ). HKA, which implements the method described in ref. 23 , was used to test for neutral molecular evolution. WH, which implements methods described in refs. 24 and 25, was used to fit an isolation model of speciation. This model assumes that the two species from which data have been sampled arose from a single ancestral species T generations ago, without subsequent gene flow between descendant species. Using ␥ and the observed numbers of shared, fixed, and exclusive polymorphic sites summed across multiple loci, under the assumption of constant effective population sizes and neutral mutation, the program returns estimates of and T that most closely fit the data. The quality of fit of the data to this model was assessed by comparing 2 and WWH (Wang-Wakeley-Hey) test statistic values (15, 25) to a distribution of values generated by 10,000 computer simulations of the coalescent process based on parameters estimated from the data.
The genetic structure of An. gambiae and An. arabiensis populations was examined by a hierarchical analysis of molecular variance, and by population pairwise F ST statistics, with each being tested for significance by using 10,000 permutations with ARLEQUIN 2.0 (26) . Both analyses were performed on data in which gapped alignment positions were either excluded, or treated as missing data with zero weight. Because there was no significant difference in the outcome, data reported are from the latter treatment.
Genealogical relationships among sequences were estimated by using maximum parsimony as implemented in PAUP* 4.d65 (27) , by using heuristic searches and TBR branch swapping. Gaps were treated as missing data, but were scored as additional characters in the tox analysis. Analyses were done by stepwise random addition of taxa with 1,000 replications. Bootstrapping was performed over 100-500 replicates, each with 10 random additions of sequences. Significance of character incongruence was evaluated by implementing the incongruence length difference (ILD) test in PAUP*, by using 10,000 replicates, each with 10 random additions of sequences.
Results
DNA Polymorphism. Samples of An. gambiae and An. arabiensis were collected concurrently from villages in East Africa (Kenya) and West Africa (Mali, Senegal) up to 6,000 km apart, to maximize the level of diversity represented. Sampling of An. merus, An. quadriannulatus, and An. melas was more limited in scope (Table 1) . Wherever possible, sequences at each locus were determined from the same specimens. Physical locations of the four loci (white, tox, G6pd, and xdh) with respect to chromosome arm, relevant paracentric inversions, and previously studied loci are indicated in Fig.  1 , which is published as supporting information on the PNAS web site, www.pnas.org. Multiple sequence alignments for each locus from five species (which are available in the PopSet database of GenBank) revealed substantial insertion͞deletion variation as well as base pair substitutions. A summary of sequence variation and other basic statistics is given in Table 5 , which is published as supporting information on the PNAS web site. For An. gambiae and An. arabiensis autosomal loci, nucleotide diversity adjusted for PCR error averaged 2.6% and 1.9%, respectively, whereas values for the X-linked white locus were lower by at least half. These two species are both polymorphic across their ranges for the cytologically identical chromosomal inversion 2Rb, which includes the tox locus. The total tox samples of An. gambiae and An. arabiensis included individuals of unknown karyotype. For the An. gambiae and An. arabiensis specimens from Mali with known karyotype, statistics were computed separately for subsamples containing the homokaryotypic inverted (2Rb͞b) and homokaryotypic standard (uninverted: 2Rϩ b ͞ϩ b ) arrangements. No apparent difference in polymorphism level between alternative arrangements was noted.
Natural Selection in An. gambiae and An. arabiensis. The pattern of sequence variation was consistent with neutral evolution at all loci except for that of white. Tajima's D, a statistic that measures the difference between two estimators of 4N ( and ), is expected to be zero under a neutral model with constant population size (28) . The D statistic was not significantly different from zero except for white sequences in both species. At white, D values were significantly negative, indicating an excess of low frequency mutations. In principle, this result could be due to a population bottleneck followed by demographic expansion, or a selective sweep at white or a locus nearby. Because the results of the Tajima test appeared to be locus-specific rather than genome-wide; they are more consistent with purifying selection at or near white than recent demographic expansions in these species. Nevertheless, a second test (HKA) was unable to detect departures from neutral evolution.
The HKA test is premised on a prediction of the neutral model of molecular evolution, that levels of interspecific divergence and intraspecific polymorphism should be correlated (23) . HKA testing was conducted by using multiple sequences per species pair at each of six loci: four from this article, mtDNA ND5 (14) , and X-linked guanylate cyclase (10) . Tests were carried out both on the original and PCR error-adjusted data. The significance of the test statistic was evaluated against a distribution generated by 10,000 coalescent simulations, by using parameters estimated from the data. In no instance was there a significant deviation from neutral expectation: 
Interspecific Divergence. Locus-by-locus estimates of differentiation between An. gambiae and other species in the complex are given in Table 2 . In the absence of gene flow between species, an equilibrium-neutral model predicts that interspecific differentiation will increase with time since speciation. The most closely related species pair should show the smallest net divergence (D a ), the fewest fixed differences, and the most shared polymorphisms across all loci (after adjusting for X versus autosome linkage). Based on the shared Xag inversion, the most closely related species pair is expected to be An. gambiae and An. merus. Although species could not be ranked consistently according to levels of divergence from An. gambiae, some striking trends emerged that proved robust to PCR error. For each species pair, the highest levels of net divergence and fixed differences were measured at white, whereas those at xdh were notably lower. In general, these measures were usually higher between An. gambiae and halophilic (An. melas and An. merus) rather than freshwater (An. arabiensis and An. quadriannulatus) species. In particular, divergence and fixed differences between An. gambiae and An. merus were always higher, usually much higher, than between An. gambiae and An. arabiensis, which was contrary to expectation. It is especially interesting to note that this trend held even at the white locus, within the Xag inversion. This trend is in contrast to the gua locus within Xag, at which An. gambiae and An. merus had the most shared polymorphisms and relatively few fixed differences (10), suggesting a complex history for the Xag inversion.
Neither introgression nor ancestral polymorphism alone can account for these results. The data exclude neither possibility, and it is likely that both have left their signature across loci and between species. Other evolutionary forces, possibly selection, may also be operating. An interesting pattern was also revealed at the tox locus, within the 2Rb inversion shared by An. gambiae and An. arabiensis. F ST values indicated significant differentiation between all species pairs at all loci, except for tox between An. gambiae and An. arabiensis. The apparent differentiation at tox was because of alternative chromosomal arrangements, not because of interspecific differences (Table 2) . When samples were partitioned by inverted arrangement, only interspecific (and even intraspecific) comparisons between (2Rb͞b Ϫ 2Rϩ b ͞ϩ b ) but not within (2Rb͞b Ϫ 2Rb͞b) arrangements were significant. As proposed by Mukabayire et al. (17) , this finding suggests a common origin for the 2Rb inversions in both species. However, the sharing of this 2Rb arrangement between species cannot explain the sharing of so many polymorphisms at tox, of which 12 derive from uninverted An. gambiae and inverted An. arabiensis arrangements.
Beyond merely sharing polymorphic sites at these four loci, An. gambiae and An. arabiensis share identical haplotypes at both G6pd and tox loci across Africa. For G6pd, this sharing includes An. arabiensis haplotypes from Kenya, South Africa, and Senegal that are identical to An. gambiae haplotypes from Senegal (AA710 ϭ G17385; ASA4 ϭ A17376 ϭ G17390). For tox, this sharing includes An. gambiae haplotypes from Kenya and Senegal that are identical to An. arabiensis haplotypes from Senegal (GA411 ϭ A14145; G14817 ϭ A1536 ϭ A14153), and if gapped alignment positions are completely excluded from consideration, An. gambiae and An. arabiensis haplotypes from Mali (GSb6 ϭ Ab93). Given the rates of recombination estimated at these loci (Table 5) , it seems unlikely that entire haplotypes would be preserved intact between species since their splitting, although this event has not been dated and is presumed relatively recent.
The interspecific sharing of entire haplotypes at freely recombining loci is consistent with secondary contact and introgressive hybridization, rather than with retained ancestral polymorphism. On the other hand, because any instance of introgression is local, finding introgressed haplotypes distributed across 6,000 km of Africa is unexpected, even for a flying insect. To shed light on this paradox, we examined the partitioning of sequence variation within and between An. gambiae and An. arabiensis at each locus by performing a hierarchical analysis of molecular variance (Table 3) . For this analysis, populations were defined as species-specific samples from Kenya, Senegal, South Africa, Burkina Faso, or Mali; groups were defined as species (and alternative 2R arrangements, for tox). At each locus except for white, most variation was distributed within populations, with nearly all of the remaining variation distributed between species. This pattern was reversed for white, the only locus for which the fixation index F CT was significant by permutation testing. In agreement with other analyses of tox (Table  2 ), a significant amount of variation was distributed between alternative 2R arrangements, but not between species. With respect to the paradox of broadly distributed shared haplotypes, it is noteworthy that for each of the four loci, the amount of variation distributed among populations within species was either insignificant (white, tox, 2R arrangements, and xdh) or very minor (G6pd). This finding is consistent with previous mtDNA and microsatellite studies that have suggested shallow population structure (14, 29, 30) . Without well defined geographic population structure, localized introgression events cannot readily be perceived as such (16) .
Gene Trees. Traditional phylogenetic methods that produce bifurcating gene trees cannot accurately portray genealogical relationships at the intraspecific level, due to recombination. However, our purpose here was to assess whether sequences from a given species are monophyletic, and to examine interspecific relationships. Fig. 2 , which is published as supporting information on the PNAS web site, shows maximum parsimony trees constructed from sequences at each locus from five members of the An. gambiae complex. In general, sequences derived from the same species are monophyletic, with the notable exception being those from An. gambiae and An. arabiensis at autosomal loci. In the tox, G6pd, and xdh gene trees, sequences from this pair of species not only cluster together, but also intertwine, which is reminiscent of previous findings based on mtDNA and esterase gene sequences (2, 14) . By contrast, the white gene tree is congruent with the traditional chromosomal inversionbased phylogeny of the group (8), as well as that of another gene (guanylate cyclase) located inside the Xag inversion (10) . In this case, monophyletic An. gambiae and An. merus sequences cluster as sister taxa. Attempts to root the tree with the white gene sequence from the closely related species Anopheles christyi were unsuccessful, because the intron was too divergent in length and sequence to permit reliable alignment to the ingroup sequences. Although our trees are unrooted, the conclusion of (An. gambiae ϩ An. merus) is supported by a previous phylogenetic analysis of mtDNA that included An. christyi as an outgroup (31) . The root could not be placed unambiguously in that mtDNA study, but the important point is that it did not lie in the clade consisting of An. gambiae or An. merus (31) . Incongruence between trees constructed from the white and autosomal gene sequences is not a trivial result of weak phylogenetic signal, as suggested by significant ILD tests (P Ͻ 0.001 in all cases).
Shared Variation and the Isolation Model of Speciation.
At issue is whether the amount of shared nucleotide variation between An. gambiae and An. arabiensis is consistent with reproductive isolation since species splitting (the null hypothesis), or whether secondary contact and introgressive hybridization must be invoked. Put another way, do the contrasting levels of shared polymorphisms and fixed differences found across multiple loci fall within a range that could be expected of isolated populations evolving neutrally, given the stochastic nature of lineage sorting? This problem was approached by fitting the data from six loci (four from this article, gua, and mtDNA ND5) to an isolation model of speciation (25) , in which An. gambiae and An. arabiensis are assumed to have arisen from a common ancestral species at some point in the past, without subsequent gene flow between them. Four tests were carried out on different datasets: (i) the original data; (ii) the original data corrected for chance occurrence of shared polymorphisms, as in Table  2 ; (iii) PCR error-adjusted data; and (iv) PCR error-adjusted data corrected for chance occurrence of shared polymorphisms. Estimates of the population mutation rate parameter for An. gambiae, An. arabiensis and the ancestral species ( gam , ara , and A , respectively), and time of separation derived under this model for all four tests are given in Table 4 , together with statistics for goodness of fit. The relatively large value of A , a consequence of accommodating large numbers of fixed differences as well as shared polymorphisms into the model, suggests a poor fit (25) , yet values of the test statistics generally do not allow rejection of the model. The 2 statistic measures departures from the expected numbers in four categories of sites: (i) polymorphisms exclusive to species 1; (ii) those exclusive to species 2; (iii) shared polymorphisms; and (iv) fixed differences. The WWH statistic measures the variance in the number of fixed differences and shared polymorphisms. That only tests 1 and 2 (not adjusted for PCR error) allowed for rejection of the model, and only by the 2 statistic, suggests that PCR error was responsible, by inflating the number of exclusive polymorphisms. There may be at least three reasons, not mutually exclusive, for failure to reject the model in the other tests. First is the fact that most loci included had large amounts of shared polymorphism; only two (white and gua) had fixed differences. Second, the isolation model relies strongly on two assumptions: neutral evolution, possibly violated at white; and constant effective population size, also likely violated (32) . Third, the simulation results are sensitive to the amount of recombination, which is underestimated by ␥ (33) . This result raises the variance around the simulated numbers of exclusive, shared, and fixed sites, broadening the distribution of test statistics of the fit of the model to the data and making the test more conservative (WH documentation; which can be accessed at: http:͞͞lifesci.rutgers.edu͞ ϳheylab). With this conclusion in mind, the results of test 4, marginally significant by the 2 statistic, are provocative.
Discussion
If An. gambiae and An. arabiensis were species with deeply structured populations across Africa, it should have been possible to test for interspecific gene flow by comparing levels of sequence divergence in sympatric and allopatric samples. This was the premise underlying the design of a previous mtDNA study of the same samples (14) , where it was predicted that within-species differentiation between samples from Kenya and Senegal might exceed interspecific differentiation in sympatric samples from those locales. However, that and other studies (32) using mtDNA and microsatellites showed surprisingly shallow population structure across Africa in both species, not only due to potentially high vagility but probably also due to relatively recent population expansions in response to human population expansion and environmental alterations. Moreover, An. gambiae and An. arabiensis were found to share not only mtDNA polymorphisms but also mtDNA haplotypes across 6,000 km of Africa. This result was interpreted in terms of mtDNA gene flow across species boundaries, but incomplete sorting of ancestral polymorphism could not be ruled out without evidence from additional loci. This article used a multilocus approach to explore patterns of DNA polymorphism and divergence at four nuclear genes within and among five species in the An. gambiae complex. These data present a compelling argument for introgressive hybridization between An. gambiae and An. arabiensis. Taken together, they reveal genomes that are mosaics with respect to gene flow, as described previously for Drosophila pseudoobscura and its close relatives (ref. 5 and references therein). In contrast to shared polymorphisms and even full haplotype sharing of mtDNA as well as autosomal sequences, X-linked sequences showed fixed differences and relatively deep divergences when compared between these species. It has been argued that radiation of the An. gambiae complex has been quite recent, but a notable feature of gene trees reconstructed from mtDNA as well as nuclear genes is monophyly of sequences from taxa other than An. gambiae and An. arabiensis. Thus, retention of ancestral polymorphism is not generally observed between species in the complex, other than between An. gambiae and An. arabiensis. In mtDNA gene trees, as well as trees from the autosomal genes tox, G6pd, and xdh, sequences from this species pair were not only clustered but were intertwined (this study and refs. 2, 3, and 31), which was in contrast to the sister taxa relationship between An. gambiae and An. merus specified by genes inside inversion Xag. These data are consistent with a model in which there are semipermeable barriers to gene flow between An. gambiae and An. arabiensis, with Xag-linked sequences barred from exchange in the face of introgression at tox, xdh, and possibly G6pd. It is noteworthy that in the face of this evidence, the isolation model of Wang et al. (25) was not rejected, but the strong dependence of the model on both recombination rates and neutral evolution may have compromised its applicability here. These limitations point to the need for more powerful analytical approaches for testing an isolation model of speciation.
If An. gambiae and An. merus are indeed sister taxa, as suggested by (i) sequences within the Xag inversion, and (ii) autosomal sequences within the uninverted arrangement of 2La, and (iii) the degree to which other genome regions support the conflicting relationship of An. gambiae plus An. arabiensis and by inference, introgressive hybridization, is striking. Consider the list of such regions: mtDNA, chromosome 2 inversions 2Rb, 2La, and sequences within or tightly linked to these, genes and microsatellite sequences on chromosome 3, and X chromosome genes and microsatellite sequences outside of the Xag inversion (this study, refs. 2, 3, 17, and 31, and A. Wang, C. della Torre, C. Schwager, G. Blass, Y. T. Dolo, F. Collins, G. Lanzaro, F. Kafatos, and L. Zheng, unpublished data). This situation is sobering in terms of its implications for phylogeny reconstruction. Without the relevant background information about the biology and genetics of these species, it is possible that the unwitting molecular systematist would become increasingly confident in the ''wrong'' answer as more loci were sequenced. The risk of being either misled or of coming to the ''right'' conclusion by lucky accident would surely increase by adopting a ''total-evidence'' approach. At the level of closely related species, it is only through a careful locus-by-locus assessment of sequence divergence that history can be deciphered.
The apparent mixing of An. gambiae and An. arabiensis genomes also raises the fundamentally important question of what proportion of the genome, and which locations, are reproductively isolated. Despite some mixing, the species have not fused, nor would any vector biologist familiar with these species in Africa be prepared to question or revoke their status as good species, owing to characteristically different behaviors. Given their extensive sympatry in the narrow sense, that hybrids are found so rarely (despite intense sampling efforts) is testament to strong premating isolation barriers. There are fixed ribosomal DNA and chromosomal inversion differences on the X, and polymorphic inversions on chromosome 2 (e.g., 2Rd, 2RdЈ, and 2Ra) that are exclusive to one species. Those regions of the genome that resist introgression (34) are expected to include the genes directly involved in speciation. The availability of the complete An. gambiae genome sequence should help guide the discovery these ''speciation genes. '' Whereas genes involved in reproductive isolation may be protected against gene flow, this is not necessarily true for genes that could have an important bearing on malaria vectorial capacity. Candidate genes, not yet identified, would be those underlying traits that increase the probability of contact between humans and vectors, such as preference for human bloodmeals, indoor resting behavior, oviposition in sites created by human activity, and tolerance of aridity which would allow range expansion into formerly inhospitable environments. With respect to the latter trait, overwhelming evidence supports the role of inversions 2Rb and 2La in conferring tolerance to arid climatic conditions. In West Africa, frequencies of these inversions are strongly correlated with humidity and rainfall, both seasonally and spatially. Thus, the transitions from rainy to dry season within a locale, or from rainforest locales in the south to Sahel in the north, are both accompanied by prominent increases in the frequency of 2Rb and 2La inversions (8) . As this and other studies have shown, these inversions are identical by descent in An. gambiae and An. arabiensis (3, 17) , and ecological, biogeographical, and molecular phylogenetic evidence suggests that they have most likely been captured by An. gambiae from An. arabiensis (11) . Acquisition of these inversions is thought to have conferred upon An. gambiae the ecological and genetic flexibility that allowed it to invade the savannas beyond its ancestral range in the rainforest, thereby helping to establish this species as the foremost malaria vector (11) . That semipermeable barriers to gene flow remain between An. gambiae and An. arabiensis is both an invitation to the study of speciation, and a threat to controlling the vectorial potential of these disease vectors.
